REVIEW
J Geriatr Cardiol 2021; 18(9): 768-778

Journal of '
Geriatric Cardiology

Cellular signaling pathways of T cells in giant cell arteritis

Hai-Yan LI, Jun-Nan XU, Zong-Wen SHUATI*

Department of Rheumatology and Immunology, the First Affiliated Hospital of Anhui Medical University, Hefei, China
"The authors contributed equally to this manuscript

X Correspondence to: amushuaizw@163.com

https:/ /doi.org/10.11909/j.issn.1671-5411.2021.09.008

ABSTRACT Giant cell arteritis (GCA) is a commonly occurring large vacuities characterized by angiopathy of medium and
large-sized vessels. GCA granulomatous formation plays an important role in the pathogenesis of GCA. Analysis of T cell lin-
eages and signaling pathways in GCA have revealed the essential role of T cells in the pathology of GCA. T cells are the domin-
ant population present in GCA lesions. CD4" T cell subtypes that are present include Th1, Th2, Th9, Th17, follicular helper T (Tfh)
cells, and regulatory T (Treg) cells. CD8 T cells can primarily differentiate into cytotoxic CD8" T lymphocytes and Treg cells. The
instrumental part of GCA is the interplay between dendritic cells, macrophages and endothelial cells, which can result in the vas-
cular injury and the characteristics granulomatous infiltrates formation. During the inflammatory loop of GCA, several signaling
pathways have been reported to play an essential role in recruiting, activating and differentiating T cells, including T-cell receptor
(TCR) signaling, vascular endothelial growth factor (VEGF)-Jagged-Notch signaling and the Janus kinase and signal transducer
and activator of transcription (STAT) pathway (JAK-STAT) pathway. In this review, we have focused on the role of T cells and
their potential signaling mechanism (s) that are involved in the pathogenesis of GCA. A better understanding of the role of T cells
mediated complicated orchestration during the homeostasis and the changes could possibly favor developments of novel treat-

ment strategies against immunological disorders associated with GCA.

iant cell arteritis (GCA) is a chronic

granulomatous vacuity of the large and

middle-sized arteries, mainly affecting
the thoracic aorta branches.!” GCA mainly affects
the women over 50 years. GCA prevalence has been
reported to increase with age, and generally peak
during the eighth decade of life. GCA poses a sig-
nificant threat to the patient’s life and adversely af-
fects their quality of life. Without efficient treat-
ments, GCA patients face devastating complica-
tions (including ocular and neurologic complica-
tions) and high mortality.”’ Currently, the therapy
of GCA still depends on the application of glucocor-
ticoids as the first-line treatment, which can lead to
adverse effects, such as hypertension and hypergly-
cemia. However, no methods can cure giant cell ar-
teritis until now due to the complicated pathophy-
siology. To date, the underlying pathogenesis of
GCA remains elusive. A number of previous stud-
ies have postulated that the clonal expansion of T
cells in the vascular lesions may play an important
role in GCA. In addition, PLG and P4HA?2 have been
identified as key genetic factors that could increase
the susceptibility to GCA in a genome-wide associ-
ation studies genome-wide association studies
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(GWASs).! T-cells were also found to outnumber
B-cells in the temporal artery biopsies (TABs) of
GCA patients.” These reports provided a signific-
ant evidences that GCA primarily occurs as a result
of T cells reaction to human leukocyte antigen
(HLA) molecules. In this review, we have discussed
the potential role of T cells and its subtypes, and
analyzed the T cell signaling pathway that has been
implicated in the pathogenesis of GCA.

MAJOR SUBGROUPS OF T CELLS AND
THE CHARACTERISTICS AND FUNC-
TIONS

CD4* T Cells in GCA

A thorough probing about the role of CD4" T cells
contributes to the understanding of the complete
pathogenesis of GCA. In the healthy controls, CD4"
T cells do not populate in the arterial walls.
However, in GCA, the enhanced accumulation of
CD4" T cells in the transmural infiltrates of GCA-
affected arteries have confirmed their crucial role
under both in vitro and in vivo settings.® More im-
portantly, it has been reported that the reduced
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number of CD4" T cells in the GCA artery in severe
combined immune-deficient (SCID) murine models
can significantly deplete the arteritis lesions. Firstly,
CD4" T cells are recruited in the adventitia via the
various chemokine (such as CCL18, CCL19, CCL20
and CCL21) synthesized by the dendritic cells
(DCs). In particular, CCL20 plays an essential role
in triggering CD4" T cells recruitment by binding to
its specific ligand (CCR6). Once the T cells are re-
cruited and activated, they can effectively differen-
tiate into CD4" T cells and CD8" T cells. CD4" T cells
include effector CD4" T cells and CD4regulatory T
cells. The subtypes of CD4" T cells include Th1 cells,
Th2 cells, Th9 cells, Th17 cells and Th21 cells. CD8"
T cells subsets include effector CD8" T cells and
CD8'FOXP3" Treg cells. CD4" T cells as well as
CD8" T cells and polarizing into specialized subsets
need optimal cytokine milieu via celluar signaling
pathways.”!

Th1 cells are the most highly expressed among
the all-differentiated T cells subpopulations in the
circulation of the healthy individuals, as effector
cells involved in the pathogenesis of giant cell arter-
itis.'""""l GCA has been primarily envisioned as a
Thl-induced disease due to the characteristic of the
granulomatous in the giant cells."” The number of
Th1 cells has been reported to be elevated in the
peripheral blood and granulomatous infiltrates of
GCA patients."” Recent studies have also revealed
that Th1 cells lineage may be directly derived from
CD4" T cells in the presence of IL-12 and I1.-18, 145
or from the local polarization of Th17 cells into
Th1/Th17 cells in the presence of IL-12."" Differen-
tiation of Th1 cells depends on the activation of
Janus kinase (JAK) and signal transducer and activ-
ator of transcription (STAT) signaling (including
STAT1, STAT4) cascades"”! that play a crucial role
in the development of Th1 cells."” Th1 cells can also
contribute to the generation of antibodies by B-
lymphocytes, such as immunoglobulin G(IgG), im-
munoglobulin M(IgM), and immunoglobulin A(IgA)
in the mouse model or the healthy subjects."” Inter-
estingly, suppression of JAK-STAT signaling by To-
facitinib, a JAK1/3 inhibitor, could markedly de-
crease the percentage of Thl-lineage committed
cells in vitro as well as the deregulated production
of Interferon-gamma (IFN-y) via the suppression of
Th1 cells.” IFN-y, as the signature cytokine of Th1
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cells, is overexpressed in the serum and adventitial
of newly patients with GCA,"*" thereby closely re-
sembling the degree of intramural vessel formation
in the affected temporal artery.*>*

Moreover, a strong suppressive effect of Tofa-
citinib on the microvessel angiogenesis has been re-
ported, which resulted in the lesser amounts of mi-
cro vessels in SCID mice than those in the vehicle
control arteries, thus highlighting the pivotal role of
JAK1/3-dependent cytokine signaling in the devel-
opment of GCA vasculopathy.*!

Compared with Th1 cells, Th2 cells express differ-
ent receptors, including chemokine (C-C motif) re-
ceptor 3(CCR3) (whose ligands is CCL11), CCR4
(whose ligands are CCL11, CCL22 and CCL17), and
CCRS8 (whose ligands is CCL11).”’! Mast cells can
effectively promote CD4" T cells proliferation and
differentiation into Th2 cells through the commu-
nication with CD4" T cells. Moreover, Th2 polariza-
tion can be regulated by STAT6, as the mRNA and
protein expression of this transcription factor was
found to be significantly elevated in the lesion ves-
sels. However, Th2-derived cytokines were found
to be absent in GCA, whereas IL-33, that can to
stimulate Th2 production, both at the mRNA and
protein level was overexpressed in temporal artery
biopsies (TABs) of the inflamed arteritis of GCA pa-
tients with strong alternatively activated macro-
phage (M2) polarization.” Another important cy-
tokine produced by Th2 cells is IL-9, which is asso-
ciated with the presence of IL-33 or transforming
growth factor B (TGF-B) separated from the peri-
pheral blood."” Francesco et al, unveiled that 1L-9
has an important regulatory role on the pro-inflam-
matory functions of the various immune cells in
GCA, including antigen-presenting cells, Th17 cells
and Treg cells.”**) IL-9 expression can also be de-
tected in the affected vessels. IL-9 binds to IL-9R ac-
companied with the release of IL-8, which can cor-
relate with the transmural inflammation and vasa
vasorum vacuities.” Moreover, expression of IL-9
in giant cells of GCA, along with IL-17, can correl-
ate with the strength of the systemic inflammatory
response produced.”” Nevertheless, the elucidation
of other functions of Th2 cells in GCA pathogenesis
requires further studies.

Additionally, IL-9-secreting-Th9 cells can abund-
antly accumulate in the GCA-affected-artery. Th9
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cells differentiation requires the presence of stimu-
latory cytokines (IL-4 together with TGF-B).”! TL-9
cannot be inhibited by glucocorticoids and might
perpetuate the chronicity of tissue injury.” Thereby,
targeting Th9 cells and IL-9 may be a promising
strategy to eliminate chronic inflammation and thus
reduce the intensity of GCA.

The increasing frequencies of Th17 cells can be
found in both the vascular lesions and blood of un-
treated GCA patients in contrast with the healthy
subjects.'"""'*) Th17 polarization is regulated by
various differentiating factors including IL-21, IL-
23, IL-1B, IL-6 and TGF-B."**" Th17 cells and Tfh
cells can synthesize IL-21 whereas it can effectively
promote the differentiation of Th17 cells in the ab-
sence of IL-6 and I11.-23.P" TL.-23 mainly contributes
to the maintenance and advanced maturation of
Th17 cells. TGF-B together with IL-6 can initiate
Th17 differentiation by inducing the expression of
RORyt (a symbol transcription factor for Th17 cells
encoded by Rorc (yt))) to alter the balance between
Th17 cells and Foxp3+ regulatory T (Treg) cells.”"

Th17 cells are characterized by the production of
IL-17A, which can drive a robust chronic inflam-
matory immune response in many autoimmune
diseases, and therapies targeting IL-17A has
demonstrated significant efficacy in psoriasis.”” An
elevated IL-17A level has been detected in the local
lesions of artery. In addition, IL-17A can play an
important role in the repair of artery wall. The
levels of IL-17 protein and mRNA have been ob-
served to decrease rapidly after the glucocorticoid
treatment.” Moreover, an increase in IL-17 expres-
sion in the temporal artery lesions indicates per-
petual response to the glucocorticoid treatment and
a low risk of relapse in patients with GCA.*** -
17A has a significant effect on the various types of
somatic cells (such as fibroblasts, endothelial cells,
and vascular smooth muscle cells) and can regulate
the synthesis of multiple pro-inflammatory cy-
tokines (including endothelial adhesion molecules,
chemokine, metalloproteinase, IL-18, IL-6 and
TNFa).[%] In addition, Th17 cells can also stimulate
the production of other important cytokines, such
as IL-22 and IL-26. IL-22 can also maintain the
homeostasis of epithelial cells. Thus, the role of IL-
26 in pathogenesis of GCA needs to be investigated
in detail.
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Follicular helper T (Tfh) cells, the second most
frequent tissue-resident T cells, account for 10% of
the whole T cells populations.””! Tth cells can pro-
duce IL-21, which could be detected in the arterial
lesions as well as the peripheral blood of GCA pa-
tients.”” IL-21 can contribute to the differentiation
of Tth cells and Th17 cells, balance the helper T cells
subtypes, enhance B cells differentiation into the
plasma cells and promote the production of im-
munoglobulin via the stimulation of the germinal
centers.®

Treg cells have been implicated in maintaining
tolerance and preventing autoimmunity inflamma-
tion.*"! In patients with GCA, impaired function
and decreased number of Treg cells in the peripheral
blood as compared with healthy individuals can
lead to the insufficient self-tolerance and autoim-
munity inflammation."” Treg cells defined by the
expression of FoxP3, as a transcription factor, that is
primarily involved in the development of CD4"
Treg cells.*” IL-6 and TGF-B together can trigger
Th17 polarization but TGF-f alone leads to the dif-
ferentiation of Treg cells.”! Treg cells can also dif-
ferentiate into three functionally distinct subtypes
according to the distinct phenotype expression of
CD45RA and CD25 among CD4" T cells."” These in-
clude CD45RA"CD25" FoxP3 low resting Treg cells
(trTreg cells) and CD45RA-CD25" FoxP3 high activ-
ated memory Treg cells (aTreg cells), which have
been found to be suppressive in vitro, while cytokine-
secreting CD45RA-CD25" FoxP3 low population are
non- suppressive T cells which retain the potential
of differentiating into Th17 cells.” The blockade of
the IL-21 pathway can significantly suppress IFN-y
and IL-17A secretion and increase FoxP3 expres-
sion in CD4" T cells and thus restore the balance
among Th1 and Th17 cells and Treg cells."” An el-
evated IL-6 levels can also promote the accumula-
tion of CD4" T cell independent of the accumulation
of Treg cells, whereas the blockade of IL-6 receptor
affects the imbalance causing an increase of Treg
cells with activated phenotype but lead to a de-
crease of Treg cells with deficient functional pheno-
type.I*! On the contrary, glucocorticoids can effect-
ively inhibit Th17 polarization rather than effect-
ively rehabilitate the Treg cells deficiency observed
in GCA '*#
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CD8* T Cells in GCA

The CD8" T cell is a stable participant in the path-
ogenesis of few important autoimmune diseases
(including vacuities). The CD8" T cells were previ-
ously considered to be associated with the disease
progression in GCA."*! McKinney, E. F. found that
an expansion of circulating memory CD8" T cells
could correlate with the chance of relapse and poor
prognosis in ANCA-associated vacuities (AAV) and
systemic lupus erythematous."*” Additionally, Sub-
populations of CD8" T cells could play a differen-
tial role in the development of GCA, including that
of IFN-producing Tc1 cells, Tc2 cells, IL-17-produ-
cing Tc17 cells."™

Samson et al. elucidated that even when the per-
centage of Tcl cells (CD3pCD8pIFN-y) in GCA pa-
tients was similar to healthy controls, a higher per-
centage of circulating cytotoxic CD8" T lympho-
cytes (CTL), Tc17 (CD3"CDS8'IL-17"), CD63"CD8" T
cells and production of soluble granzymes A as well
as B was observed in the patients (Figure 1). Their
population also decreased significantly after the
treatment with glucocorticoids.””? The decreased
circulating CD8" T cells proportion has been associ-
ated with the clinical manifestation of GCA, such as
carotid stenosis. GCA patients treated with GCs still
maintain lower numbers of circulating CD8" T cells,
thus indicating the possibility of relapse or the re-
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quirement for long-term therapy with GCs."”! Simil-
arly, CD8" T cells play a cytotoxic role in the lesion
arteries by re-entering into the blood. CD8" T cells
with restricted TCR repertoire can be found in tem-
poral artery biopsies (TABs), which can synthesize
molecules such as granzyme B and anti-T-cell intra-
cytoplasmic antigen (TiAl). The recruitment of
CD8" T cells can be triggered by CCL2, CXCL9, CX-
CL10 and CXCL11.**" CD8" T cells invade into ar-
terial vessels, once activated by antigens and/or
MHC class I chain-related gene A (MICA)P" and
transform into cytotoxic cytokine-producing cells.**"

In addition, the change in the numbers of circu-
lating CTL is not consistent with change of erythro-
cyte sedimentation rate (ESR)and fibrinogen level.
CD8" T cells possess the ability to differentiate into
Tcl, Tc2 and Tc17 cells besides their cytotoxic func-
tions."”*? In GCA patients showing remission, Tc1l
cells account for a large percentage of total CD8" T
cells and their number was not decreased by treat-
ment with GCs, whereas the percentage of Tc17
cells was sensitive to GCs therapy. The levels of
Tc17 cells can associate with acute phase reaction
proteins including C-reactive protein (CRP), ESR
and fibrinogen indicating."*""1**"

Apart from CD4" Treg cells, CD8" Treg cells are
also involved in inhibiting and halting the immune
responses which are tightly associated with chronic
inflammation and autoimmune diseases.”™ A num-
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Figure 1 The functions of regulatory T cells in GCA. Both CD4" and CD8" Treg cells expressing FOXP3 can effectively inhibit the
functions of effector CD4" T cells. In addition, CD8"CCR7" Tregs produce NOX-2-containing exosomes to suppress the potential role of

effector CD4" T cells. TCR: T-cell receptor.
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ber of studies have revealed that specific the expres-
sion of CCR7 could effectively inhibit activation
and expansion of CD4" T cells dependent on the re-
lease of exosomes containing NADPH oxidase 2
(NOX2).” In young healthy individuals, CD8" T
cells can localize in the T cell zones of secondary
lymphoid organs.

The CD8" Treg cells in older individuals and
GCA patients fail to exhibit significant immunosup-
pressive role in GCA because of deficiency of
NADPH oxidase 2 (NOX2); a deficiency even more
pronounced in GCA patients than in the healthy
older individuals.” Membrane NOX2 is expressed
selectively on CD8" Treg cells rather than on the
resting and activated CD8" T cells.

Overexpression of NOX2 can also restores the
suppressive functions of old CD8" Treg cells,
thereby suggesting that targeting oxidase to rein-
state immune homeostasis can serve as a useful
pharmacological strategy in the older individuals.
At the molecular level, deficiency of NADPH oxi-
dase 2 (NOX2) has been observed to drive CD8"
Treg cells impairment in the older individuals and
in patients with GCA.»*"

T CELL SIGNALING IN GCA

TCR Signaling

Aside from the recruitment of CD4" T cells, T-cell

\_/

M B | APC

Naive T cells

ICo-sﬁmulatory signal

activation also relies on the expression of co-stimu-
latory signals and the deficiency of co-inhibitory
signals. Normally, CD4" T cells do not exist in the
arterial layers, but they can invade into the adventi-
tia via vasa vacuum endothelial cells expressing
vascular cell adhesion molecule (ICAM) such as
ICAM-1 and VCAM-1 under pathological condi-
tions.” Native CD4" T cells can be activated by a
combination of T cell receptor (TCR) with the pep-
tide-major histocompatibility complex (MHC) and
binding of stimulatory molecule (B7.1 or B7.2) to its
receptor. The signals originating because of bind-
ing to TCR play a critical role in activating naive T
cells (Figure 2). When TCR along with co-receptors
CD28, binds to the peptide-MHC complex, it can
effectively lead to the CD28 co-stimulation. The
CD28 co-stimulation signals can stimulate the activ-
ation of the phosphatidylinositol 3-kinase (PI3K)-
AKT axis and exemplify flux of glycolysis.”*”! Ac-
tivated effector T cells require energy meet the de-
mand of cell clonal expansion and differentiation.
ATP synthesis is critical to maintain the support of
energy, mainly by virtue of glycolytic pathway.""
In the metabolic process of glycolysis, mechanistic
target of rapamycin complex (mTOR), in particular
mTOR1 (part of mTOR complex 1) regulates the dif-
ferentiation and functions of effector T cells via in-
tegrating micro-environmental considerations. In
GCA, mTORC1 has been reported to be continu-
ously active. In a GCA mouse model embedded

Effector T cells

-

Memory T cells

Figure 2 TCR combines with peptide-MHC and CD28 binds to B7 on the surface of APC. The CD28-modulating signaling activ-
ates mTOR1 pathway via PI3K-Akt axis, thus regulating glycolysis and causing differentiation of CD4" T cells into effector T cells and

memory T cells. APC: antigen presenting cells; TCR: T-cell receptor.

772

http:/ /www jgc301.com; jgc@jgc301.com




REVIEW JOURNAL OF GERIATRIC CARDIOLOGY

with human arteries, blocking CD28 effectively in-
hibited mTORC1 activation, reduced the efficiency
of T cell energy utilization and subsequently down-
regulated aberrant inflammatory response.*’!

JAK-STAT Pathway

CD4 T cells differentiation towards their subtypes
is primarily determined by the cytokine mileu. TGF-B
signals play an important role in polarization of
CD4 T cells. At an early stage, TGF-B can regulate
generation of both Th17 and Treg cells.” However,
the further polarization requires the presence of IL-6
or IL-2. T cells cytokines receptors communicate
with cytokine milieu, depending on the Janus
kinase-signal transducer of activators of transcrip-
tion (JAK-STAT) signals, thereby triggering differ-
entiation of CD4" T cells into Th17 cells and Th1
cells.”**" Zhang et al detected a significant increase
in expression of few STAT-dependent target genes,
including T-bet, CXCL9, ISG15, OAS], distinguish-
able from normal individuals and patients with
vacuities.” Both type I and II interferon(IFN I and
IEN II) can induce activation of JAK-STAT path-
way. In GCA, the level of STAT1 and STAT2 was
reported to be high, while the expression of STAT3
and STAT5 was observed to be at a lower level.
STATS3 also plays a suppressive role in Treg cell dif-
ferentiation by modulating the expression of
Foxp3." Additionally, the phosphorylation and ac-
tivation STAT3 can drive Th17-specific genes, such
as Rorc, 1117, and 1123r, thus promoting the differen-
tiation of CD4 T cells into Th17 cells.*” TGF-p and
IL-2 can induce Treg cell differentiation by phos-
phorylating STAT5 and promoting the expression
of Foxp3.[63] However, TGF-B was found to inhibit
the polarization of CD4 T cells towards Th1 and
Th2 cells, and IL-2 can suppress the differentiation
of Th17 cells.***

Effector CD4 T cells lack the mTOR complex (mT-
ORC, including mTORC1 and mTORC2), leading to
dysfunction of effector T cells and transformation
into Tregs.! Insufficient mTOR activity and inhibi-
tion of the mTORC activity by rapamycin has been
found to promote expansion of Treg cells through
affecting different pathways. Both JAK-STAT and
CD28-PI3K-AKT pathways obviously influence the
balance of Th17/Treg ratio. Insufficient mTORC
activity can improve the susceptibility of T cells to
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TGF-B and rapamycin can stimulate Foxp3 expres-
sion. mMTORC1 induced HIF1-a protein acts to stim-
ulate the glycolytic pathway and promote the ex-
pression of RAR-related orphan receptor (ROR)yt to
promote the differentiation of Th17 cells, whereas it
can also suppress the expression of Foxp3 to down
regulate Th17 cells differentiation.

The importance of JAK- STAT signaling in GCA
can be supported by significant inhibitory results
obtained with Tofacitinib, a substantial down regu-
lation of lineage dependent transcription factors (T-
bet, RORC and BCL-6) and T-cell effector mo-
lecules (IFN- y, IL-17 and IL-21).”"

VEGF-Jagged-Notch Signaling

In GCA patients, the circulating level of vascular
endothelial growth factor (VEGF) is overexpressed
by Endothelial cells (ECs,) thereby triggering the
production of Notch ligand Jaggedl (Figure 3).
Notch is involved in the differentiation through af-
fecting the production of T-bet as well as RORgt,
and thus functioning as lineage-defining transcrip-
tion factors. T effector cell activity could also be
modulated by Jagged-Notch signaling.” Overall,
the activation of mTORCI can be induced by CD28-
PI3K-AKT axis as well as Jagged1-Notchl pathway;
both of CD28-PI3K-AKT axis and Jagged1-Notchl
pathway can contribute to the polarization of Thl
and Th17 with special pathogenic effects.*”)

In addition, the interaction between CD4" T cells
expressing Notchl and ECs expressing Jagged-1, a
ligand for the Notchl receptor, can enable CD4+T
cells to enter into the adventitia and actively regu-
late the differentiation of CD4" T cells into different
subpopulation. Further, increased VEGF levels in
the circulation of patients with GCA can promote
the aberrant expression of Jagged-1 on adventitial
micro vascular ECs through modulating mTOR
pathway, which enables the EC to effectively play a
stimulatory role in inducing CD4" T cells differenti-
ation. In GCA patients, an increased expression of
surface Notchl receptor and Notch target protein
HES1 has been found. In addition, the expression of
Notch1 associated with HES1 has been reported to
be tightly regulated in CD4 T cells of individual pa-
tients.™

Except for CD4T"cells, the communication between
CD4T cells and dendritic cells or macrophages (as
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Figure 3 Signaling pathways of TCR, stimulatory signal, cytokine signal and JAK-STAT 51gnal. CD28-dependent co-stimulatory
signals induce activation of mTOR1; resulting in an effector T cells lineage formation and thus regulates the metabolism of T cells. VE-
GF-Jagged-Notch axis is the symbol of abnormality of pathogenic T cells. JAK-STAT signaling is involved in the regulation of the vari-
ous functions of T cells by stimulating the production of different cytokines. TCR: T-cell receptor; VEGF: vascular endothelial growth

factor.

instrumental cellular participators) has also been
found to be involved in the pathogenesis of GCA.

T CELLS-DENDRITIC CELLS INTERPLAY

Dendritic cells primarily act as the trigger of ar-
teritis by producing inflammatory cytokines (in par-
ticular, IL-6 and IL-18) and express CD86 to initiate
and regulate the arteritis. The activating signal of
CD4" T cells is provided by dendritic cells (DCs) ex-
pressing Toll-like receptors (TLRs) in the adventitia,
where antigen can actively invade into an artery. In
healthy arteries, adventitial DCs have been found to
be inactivated and are thus unable to communicate
with all reactive T cells. Upon the stimulation of
TLRs via pathogen-associated molecular patterns
(PAMPs) or danger associated molecular patterns
(DAMPs), DCs subsequently recruit, accumulate,
activate and mature inside the arteries. Mature DCs
can then migrate into media; secrete chemokine and
express CD83 and CD86 antigens, thereby resulting
in the recruitment of T cells. Anti-CD83 antibodies
can significantly decrease the level of IFN-y and IL-1f
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in temporal artery of SCID mouse chimeras. DCs re-
cruiting T cells could be induced by the expression
of chemokine, in particular CCL20. Moreover, DCs
expressing CCL20 can also drive the recruitments of
CD4" T cells via binding to CCL20 ligand, CCRé.

In addition, once CD4" T cells enter into the wall,
CD4" T cells can communicate with dendritic cells
(vasDC) located in the vessels, and lack the expres-
sion of immune checkpoint proteins including Pro-
grammed death-1 (PD-1).1! PD-1 provided inhibit-
ory signals to T cells through the binding to cell
death ligand 1 and 2 (PD-L1 and PD-L2), thus lead-
ing to T cells apoptosis and even differentiation to-
wards Treg cells.”” Once the antigens have been re-
cognized by the DCs, they can only send the co-
stimulatory signal to T cells through the direct in-
teractions between T-cell receptor and DCs. In GCA,
the impaired function of co-inhibitory signals can
trigger expansion of the effector T cells and the pro-
duction of multiple cytokine.”” Considering that in-
hibitory checkpoints are ineffective in GCA ther-
apy, CD28-dependent stimulation pathway seems
to play a primary catalytic role in the pathogenic
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process of GCA.""!

Therefore, DCs only provide co-stimulatory sig-
nals and lack sufficient co-inhibitory signals for T
cells but vasDCs can recognize T cell signals and
promote their in situ activation in GCA. Therefore,
DCs are primarily involved in the recruitment and
activation of T cells in GCA.

T CELLS-MACROPHAGE INTERPLAY

Macrophages along with CD4" T cells are the
main constituents of the granulomatous lesions.
Once monocytes differentiate into the macrophages,
they trigger the synthesis of chemokine (CXCLD9, 10,
11, CCL5, and CCL 18) and pro-inflammatory cy-
tokines (IL-6, IL-1B and TNF-a) and drive the local
inflammatory cascade.” In GCA, macrophages can
regulate the secretion of T cell chemoattractants
(CXCL9, CXCL10) but not that of IL-1p and IL-6, and
these cytokine-secreting macrophages were spe-
cifically low for PD-L1 expression.” Additionally,
stimulated medial macrophages are also respons-
ible for the synthesis of nitric oxide (NO) and mat-
rix metalloproteinase (MMPs), including MMP-2,
MMP-7, and MMP-9. NO actively contributes to the
matrix degradation and MMPs, particularly MMP-9
secreted by CD68" macrophages can induce the de-
struction of artery media and internal elastic lam-
ina, thereby facilitating the movement of T cells and
vascular smooth muscle cells (VSMCs) into intima."”””?

In GCA, macrophages can act as pro-inflammatory
effector cells, while in coronary artery disease
(CAD) they can also generate anti-inflammatory
signals due to the up-regulated expression of PD-L1
mediated by extracellular glucose concentrations.””!
The pro-inflammatory functions of macrophages
primarily depend on the high efficiency of glucose
utilization, which appears to be the case in the mac-
rophages from the healthy individuals.'”’ However,
lower expression of PD-L1 undermines the anti-
inflammatory role of macrophages in GCA; and
when macrophages invade into microenvironments,
they can gain other non-glucose energy sources
thereby resulting in prolonged persistence in local
lesions and continuous inflammation of artery wall.

IL12/TH1/IFN-I PATHWAY

Indeed, IL-12/Th1/IFN-y pathway has been re-
ported to actively associate with the local vessel in-
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flammation in GCA, especially the neuro-ophthal-
mic ischemic complications.””* A number of stud-
ies have demonstrated that IL-12 was absent in the
healthy individuals, while its level was elevated in
the serum of untreated GCA patients, particularly
these patients displaying cranial ischemic complica-
tions irrespective of their treatment with GCs.!"”!
Consistent with these findings, an elevated gene ex-
pression of IL-12p35 has been reported in the mono-
cytes of GCA patients, rather than healthy controls.™

Moreover, the transcriptome study of arteries in
patients with GCA has unveiled the abundance of
type I and IT IFN in the arterial lesions.” The type I
IFN-producing cells has not been elucidated yet.
Type I IFN may also provide a bridge between the
innate and the adaptive immune responses.””

IFN-y participates in the migration and prolifera-
tion of VSMCs, and function to promote micro vas-
cular angiogenesis. One ex vivo trial has demon-
strated that IFN-y exerted effects on VSMCs through
amplification of synthesis of various chemokines
such as CCL5, CXCL9, CXCL10, CXCL11, CX3CL1
and adhesion molecules by VSMCs, thereby recruit-
ing monocytes and resulting in the formation of
multinucleated giant cells."!

IFN-y may also be involved in the loss of lesion
vessel medial layer via triggering apoptosis of VS-
MCs dependent on STAT3 signaling.”! Similar res-
ults were obtained in the gene knockdown (includ-
ing that of the pro-apoptotic molecules X-linked in-
hibitor of apoptosis associated factor-1 (XAF1) and
Noxa chimeric animals of immune-deficient mice
embedded with human coronary artery grafts.”®!
IFN-y-induced STAT3 signaling in VSMCs effect-
ively triggered inhibition of STAT1 activation and
promoted the apoptosis of VSMCs by virtue of both
death receptor and mitochondrial-mediated path-
ways.”®! Therefore, the pleiotropic effects of IFN-y
on VSMCs mediated through JAK-STAT signaling
may deserve advanced exploration.

IL-32 is another effector cytokine triggered by
IFN-y, which can correlate with the index of clinical
disease activity.”” The stimulation to CD4" T cells
with IL-21 promoted Th1 and Th17 cell expansion,
and blockade of IL-21 using IL-21R-Fc significantly
decreased the secretion of IL-17A and IFN-y." TFN-y
has been found to be less responsive to the treatment
of corticosteroids than other cytokines.""! Once the
dosing of GCs has been tapered or when GCA pa-
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tients discontinued the use of GCs, the relapse of
disease was more prone to occur possibly due to an
incomplete inhibition of GCs on Th1 cells."

CONCLUSIONS

The pathology of GCA is complicated and not
completely understood. Adaptive immune re-
sponse especially the T cell adaptive immunity ex-
erts a crucial role in the pathogenesis of GCA, in-
cluding the development of vascular inflammation;
insufficient immunosuppression in T cell immune
response can correlate with the formation of granu-
lomas in the arterial wall. In this article, we have re-
viewed the involvement of different signaling path-
ways, as well as that of several immune T cells sub-
sets and their effector cytokines in the immunopath-
ology of GCA, which can form the basis of novel
therapy against GCA. The role of T cells in GCA re-
quires collaboration of multiple cellular signaling
cascades, among which the continuous activation of
TCR signaling, VEGF-Jagged-Notch signaling and
the JAK-STAT pathways have been found to play
an extremely important role. With the more ad-
vanced knowledge of immunology in GCA, a multi-
tude of novel factors can be detected and more ef-
fective clinical interventions can be applied to the
control the disease progression and promote an ef-
fective clinical remission.
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